Clostridium perfringens exotoxins have been implicated as major virulence factors responsible for shock and organ failure in gas gangrene, yet the mechanism(s) by which they mediate cardiovascular dysfunction remain enigmatic. Recombinant (r) phospholipase C (PLC), rO-toxin, culture supernatant (crude toxin), or 0.9% NaCI was infused intravenously into awake rabbits. Cardiac index (CI), mean arterial pressure (MAP), heart rate (HR), central venous pressure (CVP), arterial blood gases, and hematocrit were measured 1 h before and for 3 h after toxin infusion. Crude toxin and rPLC decreased CI, MAP, and HR and increased CVP; mortality was 87.5% and 83%, respectively. rOtoxin did not decrease CI or MAP and mortality was 25%. Further, crude toxin and rPLC but not rO-toxin inhibited cardiac contractility (dF/dt) in isolated rabbit atrial muscles. These results suggest that PLC-induced myocardial dysfunction contributes to shock in C. perfringens infection.
Effects of Clostridium perfringens Recombinant and Crude Phospholipase C and 6-toxin on Rabbit Hemodynamic Parameters
Clostridium perfringens is the most common strain of clostridia associated with trauma-induced gas gangrene in humans and is also a major cause of spontaneous (nontraumatic) gas gangrene [1] [2] [3] [4] . The classic features of gas gangrene are extensive local destruction of tissue progressing to profound shock and death [1] [2] [3] [4] . Although some investigators propose that shock and death result from degradative products released from skeletal muscle during infection [5] , we have demonstrated that intravenous injections of crude toxin preparations into experimental animals are lethal [6] . Subsequently, two toxins, phospholipase C (PLC, a-toxin) and B-toxin (perfringolysin 0), have been purified from crude toxin preparations and shown to be lethal [6] . In fact, intravenous injection of purified PLC at a concentration less than that found in crude toxin preparations caused rapid death (mean survival time, 3.27 h), suggesting that it alone may be the major lethal factor and that it may have direct effects on the cardiovascular system [6] . Though B-toxin was also lethal, the LD so (in terms of B-toxin activity) was 70 times greater for purified B-toxin than crude toxin (which contains both PLC and B-toxin) [6] .
PLC has been shown to have direct effects upon contractile function whereas B-toxin does not [6] . These data, together with the observation that both toxins induced hypotension in anesthetized rabbits [6] , suggest that shock and death may be mediated via different mechanisms. Specifically, it was hypothesized that PLC caused shock, at least in part, by directly reducing myocardial contractility, whereas recombinant (r) Btoxin caused shock indirectly by the induction of endogenous mediators. Therefore, the present study was undertaken to investigate the dynamics of cardiovascular function in awake rabbits treated with crude toxin, rB-toxin, or rPLC.
Materials and Methods
Organism. C. perfringens (ATCC 13124) was purchased in lyophilized form. Organisms were maintained anaerobically in chopped meat-glucose broth at room temperature (23°C) and recultured every 2 weeks.
Inoculum preparation and growth conditions. The inoculum was prepared in basal proteose peptone media supplemented with amino acids, salts, and vitamins to provide for optimal bacterial growth and toxin production [7] .
Exotoxins. Exotoxins were harvested after 4 h of growth by centrifugation at 10,000 g for 15 min. The pellet was discarded, and the culture filtrate was cooled to 4°C. The filtrate was concentrated by fractional (60%-70%) ammonium sulfate saturation [8, 9] . Precipitates were harvested by centrifugation and were resuspended in 20-30 mL of Dulbecco's PBS (pH 7.2) before being dialyzed at 4°C for 12 h against 6 L of distilled water. This dialyzed crude ammonium sulfate fraction, referred to as crude toxin, was sterilized by filtration through a 0.22-pm low protein-binding filter and was found to contain both PLC and B-toxin.
Recombinant exotoxin preparations. rPLC was purified from Escherichia coli harboring the plasmid pPLC 8 that contains the C. perfringens PLC gene [10] . Briefly, cells were harvested at late log phase and subjected to osmotic shock. The osmotic shock fluid consisted of 20 mM bis-TRIS, pH 6.0, and fractionated by ion exchange chromatography on a Q-Sepharose column. rPLC was eluted at 250 rnM NaCl in 20 rnM bis-TRIS, pH 6.0, and was 90% pure by SDS-PAGE. rPLC enzymatic activity was determined by the synthetic chromogenic substrate assay (see below) and found to have a specific enzymatic activity of 252 U/mg of protein.
O-toxin was prepared from E. coli expressing the O-toxin gene pfo as previously described [11, 12] and was identical to native O-toxin [12] . The specific activity of the toxin was 10 6 hemolytic units (HU)/mg of protein.
Undiluted stocks of rPLC and O-toxin each contained 12.5 ngl mL endotoxin as measured by limulus amebocyte lysate assay (Associates of Cape Cod, Woods Hole, MA).
Hemolysis assays. The activity of O-toxin was assayed according to the modified methods of Smyth and Arbuthnott [8] . Activity in HU was read as the reciprocal of the highest dilution at which 100% hemolysis of a 1% suspension of sheep red blood cells (RBC) occurred when incubated at 37°C for 30 min. The assay was done at 37°C without cooling, so virtually all of the RBC hemolysis was due to O-toxin (PLC-treated RBCs lyse only on cooling at 4°C). In addition, enhancement of the RBC hemolysis by 33 rnM L-cysteine was further evidence of O-toxin activity. Hemolytic activities were visualized by radial diffusion of toxin added to 3-mm wells punched in sheep RBC-agar plates. In this assay, two hemolytic zones were apparent: an inner zone of RBC hemolysis caused by the oxygen-labile hemolysin (O-toxin) and an outer zone of hemolysis caused by PLC [2] .
PLC synthetic chromogenic substrate assay. The hydrolysis of p-nitrophenylphosphorylcholine (NPPC; Sigma, St. Louis) by PLC releases the yellow chromogen p-nitrophenol, which has maximum absorbance at 410 nrn [13] . Samples (100 j.tL each) being assayed for PLC activity were mixed with 1 mL of PBS (pH 7.2) containing 1.0 rnM CaCh, 0.1 rnM zecr, and 10.0 rnM NPPC.
Reaction vessels were incubated at 37°C for 30 min, at which time 10.0 mL of cold 0.02 N NaOH was added to stop the reaction and to enhance absorbance at 410 nrn. A standard curve of the product (p-nitrophenol) was prepared over a concentration range of 0.2-20.0 nmol diluted in 0.02 NNaOH. A unit ofPLC activity (PLCU) was defined as the hydrolysis of 1 nmol of NPPC at 37°C in 30 min.
Protein determinations. Protein concentrations were calculated from UV absorption at 280 and 260 nm [14] .
In vivo rabbit model. Experiments were done with 3-kg New Zealand White male rabbits (Western Oregon Rabbitry, Portland, OR). Rabbits were anesthetized intramuscularly with 4 mg/kg xylosine and 20 mg/kg ketamine, with additional local anesthesia as needed (1% lidocaine subcutaneously). PE50 tubing was placed into the right atrium via the superior vena cava. A 3.5-French thermocouple catheter was placed in the ascending aorta via the internal carotid artery. The catheters were tunneled subcutaneously to the middle of the back and a specially designed jacket was fastened to ensure their secure placement. Catheters were flushed with 100 U/mL heparin sulfate. The rabbits were treated with 25,000 U/kg penicillin and 5 mg/kg gentamicin intramuscularly (both Sigma) and allowed to recover from anesthesia. Feed and water were provided ad libitum. All instruments, catheters, and tubing were either heat-or gas-sterilized prior to each experiment.
Experiments were done the following day [15, 16] . The catheters placed in the right atrium and the ascending aorta were connected via a three-way stopcock to a pressure monitor transducer. A Gould 8-channel recorder was manually calibrated before each experiment. An oscilloscope was interconnected to allow a freeze-frame determination of heart rate. The catheter to the ascending aorta was also connected to a 3 crrrvh heparinized 0.9% NaCI (NS, 100 U/mL) drip. Lines were flushed with heparinized NS before each reading.
Rabbits were monitored for 1 h before baseline readings, which were recorded over a l5-min period before initiation of toxin or NS infusion [15, 16] . Rabbits were infused via catheter in the central vein with 50 mL of NS, 150 HU of rO-toxin in 50 mL of NS, 40-50 PLCU ofrPLC in 50 mL ofNS, or crude toxin (containing 150 HU and 50 PLCU) in 50 mL of NS using a Harvard apparatus constant infusion pump at 0.33 mLimin. Cardiac outputs were measured by the thermodilution method [16] . Samples obtained for arterial blood gas determination and hematocrit were processed immediately. Blood volume lost due to serial sampling was replaced using saline and lactated Ringer's intravenous drip.
Each rabbit's infusion with toxins or NS was monitored for 3 h or until the animal died. Rapid necropsy verified catheter placement and provided tissue samples for analysis of pulmonary and hepatic histology. Blood samples and several random culture swabs of the catheter tunnel site showed no bacterial growth. At the end of several experiments, random samples of NS drawn through reusable catheters were assayed for endotoxin and were invariably negative «0.05 ng of lipopolysaccharide/mL).
This model was designed to mimic several important features of natural infection. Awake rabbits were used because anesthesia and ventilator support alter hemodynamics. Also, slow toxin infusion mimics the continual release of toxin during sepsis and allows production of endogenous substances, such as cytokines, that may contribute to cardiovascular dysfunction.
In vitro atrial preparations. Thin strips of the left atrial muscle were removed from rabbits and placed in a muscle bath (30°C) containing Krebs bicarbonate buffer (pH 7.4) with the following composition: 127 rnMNaCl, 2.5 rnMCaCh, 2.3 rnMKCl, 25 rnM NaHC0 3 , 1.3 rnMKH 2P04 , 0.6 rnMMgS0 4 , and 5.6 rnM glucose. The buffer was continuously bubbled with a mixture of 95% O 2 and 5% CO 2 • Each atrial strip was affixed to a force transducer and electrically stimulated to contract isometrically by using square-wave pulses (3 ms each) that were 10% higher than threshold voltage. The left atrial strips were initially stimulated at a rate of lis and were stretched to a resting tension of 0.5 g. Oscillographic recordings were used to measure cardiac contractility (dFI dt; maximum rate of rise of force) in the atrial preparations in the absence and presence of different concentrations of C. perfringens toxins at a contraction rate of2/s. For example, the following three crude toxin preparations were used: 0.13 HU of O-toxin activity and 0.31 PLCU of PLC activity/mL, 0.19 HU of O-toxin activity and 0.49 PLCU ofPLC activity/mL, or 0.25 HU ofO-toxin activity and 0.67 PLCU of PLC activity/mL. The rPLC preparations contained 0.31,0.49, or 0.67 PLCU of activity/mL. rO-toxin was used at 0.13, 0.25, or 0.50 HU of activity/rnL. Mean values of dFIdt were expressed as percentages of baseline values obtained immediately before adding toxin to the muscle bath.
Statistics. Unpaired comparisons between groups were made by one-way analysis of variance, then by Student's and NewmanKeul's tests (for multiple mean comparisons). Paired data were lID 1995; 172 (November) analyzed by randomized complete-block analysis of variance, then by Duncan's new multiple range test (three or more means). The level of significance chosen was P < .05.
Results
Lethality of toxin preparations. After infusion was begun with toxins or NS, hemodynamic measurements were obtained for 3 h or until death in 24 rabbits. All rabbits receiving NS infusion survived (6/6), whereas survival was 3 of 4, 1 of 6, and 1 of 8 in rabbits infused with rO-toxin (150 HU), rPLC (40-50 PLCU), or crude toxin (150 HU plus 50 PLCU), respectively. In addition, the rabbits surviving > 3 h after receiving either rPLC or crude toxin were severely compromised and died shortly after the final measurements were recorded.
Hemodynamic changes in response to toxin infusion (table 1). The mean changes in cardiac index from baseline (~CI) for each experimental group at several time points are shown in table 1. Rabbits treated with crude toxin preparations had significantly greater~CI than did control rabbits (given NS) at 90 min after the start of infusion (-114 ± 32 vs. -24 ± 9 mL/min/kg, respectively; P < .05). Similarly,~CI was greater in the rPLC-treated groups than the control group at 120 min (-83 ± 24 vs. -30 ± 8 mL/min/kg, respectively; P < .05). In contrast, at each time point during the experiment,~CI was not different between rabbits infused with rO-toxin and controls.
Mean arterial pressure (MAP) also decreased in the rPLCand crude toxin-treated rabbits (table 1) . Baseline measurements in control, rO-toxin, rPLC, and crude toxin groups were not different before infusions started (94 ± 6, 78 ± 4, 79 ± 6, and 88 ± 4 mm Hg, respectively; P > .05). CI decreased significantly before the decline in MAP. For example, the difference in MAP between crude toxin-treated and control rabbits attained statistical significance at 120 min after start of infusion (25 ± 16 vs. 86 ± 8 mm Hg, respectively; P < .05).
MAP in the rPLC-treated rabbits was lower than in control rabbits (12 ± 12 vs. 81 ± 4 mm Hg, respectively, at 180 min; P < .05). As occurred with CI, the MAP of rO-toxin-treated rabbits was not different from that of control rabbits (lowest, 68 ± 22 mm Hg, at 180 min).
Mean heart rate (HR), on the other hand, more closely mirrored by time the effects on CI (table 1) . There was no difference in HR between control rabbits and those receiving toxin before the start of infusions. Reduced HR was first detected in crude toxin-treated rabbits at 90 min (195 ± 18/min vs. controls: 258 ± 14/min; P < .05). HR was not lower in rPLCtreated rabbits compared with control rabbits until 120 min (220 ± 12 vs. 267 ± IS/min, respectively; P < .05). As occurred with the other hemodynamic parameters, HR values in the rO-toxin-treated and control groups were not different at any time point in the study.
Central venous pressure (CVP) increased over the course of the experiments in crude toxin -treated rabbits compared with controls, but this achieved statistical significance only transiently at 60 min (7 ± 1 vs. 3 ± 1 mm Hg, respectively; P < .04; table 1) Peripheral vascular resistance (PVR) was examined in a way that normalized the course of shock in each rabbit over time (table 2) . PVR was determined at the beginning and end of each experiment. An additional determination was made at the point of maximum change in PVR for each rabbit regardless of the time it occurred. There were no differences in PVR between any of the groups before the start of infusions. rPLCtreated rabbits maintained PVR near baseline, with a nadir of 76% ± 13% of baseline compared with a nadir of87% ± 4% of baseline for controls (P > .05). Near the end ofthe experiment, however, PVR increased rapidly to 228 ± 113 dyne' s/cm" compared with values in controls (36 ± 3.1 dyne' s/cm"; P < Both rPLC and crude toxin preparations caused significant cardiac dysfunction. When rPLC was added to isolated rabbit atria (electrically paced to contract at 2 times/s) at concentrations of 0.49 and 0.67 PLCU/mL ofbuffer, there were decreases by 34% ± 22% and 82% ± 6%, respectively, in cardiac contractility (dF/dt). Crude toxin preparations with 0.49 and 0.67 PLCU/mL also inhibited cardiac contractility by 26% ± 10% and 76% ± 6%, respectively. Thus, rPLC and crude toxin exerted direct myocardial depressant effects in isolated rabbit myocardium. In contrast, rO-toxindid not decrease cardiac contractility at concentrations up to 1.5 HU/mL.
Hemolysis induced by C. perfringens exotoxins. Both 0-toxin and PLC are well known to cause rapid and brisk hemolysis, as was demonstrated in these experiments (figure 1) [17] . A closer examination of the data suggests that hemolysis is not sufficient to cause cardiovascular collapse in this animal model. Even though hemolysis in the rO-toxin-treated group followed the same course as in crude toxin-and rPLC-treated rabbits, the decline in hemodynamic parameters was divergent, as demonstrated above and by the lack of a linear correlation between hematocrit and~CI (r 2 = .188). (table 3) . The baseline values for pH, Pco-, and P0 2 were not different between the 4 groups at the start of toxin or NS infusion. In addition, rO-toxin-treated rabbits maintained baseline P0 2 levels throughout the experiment. Finally, with the exception of the surviving rabbit in the rPLC-treated group (pH = 7.06, Pco, = 48 mm Hg), profound metabolic acidosis did not appear to be a factor leading to mortality.
Arterial blood gas changes in response to toxin infusion

Discussion
The mechanisms of hemodynamic collapse in patients with gram-positive bacterial sepsis are poorly understood. C. perfringens is a worthy organism for study because shock is a common terminal event, it does not possess endotoxin, and two exotoxins (PLC and O-toxin) that have been extensively characterized in vitro contribute to the dramatic clinical course of patients with this infection [17] . The present study investigates the role of these two exotoxins of C. perfringens in an in vivo model of septic shock.
The pattern of hemodynamic changes provides potential insights into the mechanisms of septic shock associated with C. perfringens infection. CI was promptly reduced in rabbits receiving either PLC or crude toxin. Although many mechanisms could contribute to such a reduction, we demonstrated a direct reduction in myocardial contractility (dF/dt) in isolated atrial strips treated with rPLC containing toxin preparation. As reflected by the increased mortality in the rabbits receiving rPLC and crude toxin, a greater~CI was measured in these groups than in those receiving rO-toxin or NS.
Similarly, a marked decline in MAP was observed in rPLCand crude toxin-treated rabbits, though these effects were de- From viewing the temporal hemodynamic data, it is clear that the rPLC-treated rabbits maintained peripheral resistance Table 3 . Changes in arterial blood gas parameters after infusion of exotoxins from C. perfringens. 
